The aim of this longitudinal observational study was to investigate and describe the spectrum of messenger ribonucleic acid (mRNA) expression of multiple inflammatory markers in circulating leukocytes after major orthopaedic surgery. We studied ten elective arthroplasty patients perioperatively on the orthopaedic ward, and eight healthy volunteers for a comparison group. Venous blood specimens were collected preoperatively, and 6, and 24 hours postoperatively, together with 6-and 24-hour postoperative wound drain specimens. The mRNA of 21 different inflammatory mediators was measured by real-time reverse transcriptase Polymerase Chain Reaction. Comparisons were made with the venous blood of eight healthy comparison subjects. There were significant differences (P<0.01) between preoperative specimens and normal comparisons (i.e. higher MPO, PDGF, TREM and IRAKM; lower mtHSP) reflecting the effects of chronic inflammation associated with osteoarthritis. There were significant increases (P<0.01) in expression of MPO, TREM, MMP9, and C5aR in circulating blood at 24 hours postoperatively, but not at six hours. There was no significant decrease in expression of any inflammatory mediator. There was no statistical difference in inflammatory mediator expression between drain specimens and venous specimens taken at the same time. We conclude that, in uncomplicated orthopaedic surgical patients, there was up-regulation of some cytokine mRNAs at both the local and systemic levels during the first day after surgery. We observed no evidence of immune compartmentalization, and found no evidence for innate immune paresis within the first day after surgery.
The physiological response to trauma and haemorrhage results in activation of innate immune mechanisms. These include the recruitment of inflammatory cells (macrophages, neutrophils and lymphocytes) to the site of injury where they secrete inflammatory mediators. The endothelium at the site of injury is also an active participant. It seems sensible for an organism to maintain effective localized immune defence mechanisms, while avoiding excessive systemic inflammation that could be potentially damaging. A down-regulated systemic response, coexisting with an up-regulated local site response at the area of infection or trauma, is a concept that has been termed immune compartmentalization 1 . The pattern of the inflammatory response in trauma has similarities to that of sepsis, although this is dependent on the severity of tissue damage 2 . Beutler and co-workers suggested that subjects with sufficient pre-existing infection or trauma are more vulnerable to other systemic stressors 3 . It is also known that postoperative patients are susceptible to infection 1 .
There are a variety of methods used to measure the messenger ribonucleic acid (mRNA) of inflammatory markers 4, 5 . These include real-time reverse transcriptase Polymerase Chain Reaction, (RT rtPCR) and microarray techniques. Real-Time rtPCR is widely used to quantify mRNA transcripts from cells 6 . Compared to other methods, it is powerful and sensitive, and seems to be the method of choice to quantify mRNA expression. It allows the direct detection of PCR product during the exponential phase of the reaction, combining amplification and detection in the same step. Multiple markers from a single sample may be analysed. An increase in expression can be read from a sequence detector in real time.
In this study our goals were to investigate and describe the spectrum of inflammatory marker mRNA expression seen in the inflammatory response after major orthopaedic surgery, and to ascertain whether mRNA expression in leukocytes harvested locally from the wound site differs from circulating leukocytes (i.e. the existence of immune compartmentalization).
Previous studies have measured the surgeryinduced changes in plasma levels (and rarely, mRNA expression) of only a few cytokines. By using RT rtPCR methods we are able to simultaneously quantify many mRNA expression of many cytokines. The cytokines studied are outlined in Table 1 . These particular markers were chosen as they represent a wide variety of inflammatory mechanisms. We used an elective surgical model because cytokine levels before surgery may be used as comparison with samples that are collected after the inflammatory insult. Elective hip and knee joint replacements were chosen because the patients experience a significant degree of surgical trauma, and cytokine levels are related to the degree of trauma experienced by the patient 7 . In this paper we describe: (i) the RT rtPCR methods, (ii) the effect of non-infective trauma on multiple cytokine mRNA expression and (iii) a comparison of preoperative mRNA expression to that of healthy comparison subjects.
METHODS

Patients
After obtaining Waikato Hospital Ethics Committee approval and written informed patient consent, eleven patients undergoing total hip or knee joint replacement were recruited. Exclusion criteria were: blood transfusion within the previous three months or at any stage perioperatively, any infection within the previous month, immunosuppressive medication and immune system disorders. The patients' anaesthesia was not controlled. The following information was recorded about each patient: age, gender, procedure, past medical history, pre-and postoperative haemoglobin and white cell count, type of anaesthetic, (general or regional), and highest temperature in the first 48 hours postoperatively ( Table 2) . We recruited patients who were to be first on a morning list, to allow sufficient time for sample processing after the six-hour collection. Blood samples: 4 ml sample of peripheral venous blood was collected from the patient immediately prior to anaesthetic induction (PRE), at six hours (6 h BLOOD), and 24 hours (24 h BLOOD) postoperatively. The blood was placed in an EDTA tube. Wound samples at six hours (6 h WOUND) and 24 hours (24 h WOUND) were aspirated at the same time that the blood samples were taken, from a wound drain which had been placed as part of the orthopaedic procedure. To minimize mRNA degradation (caused by nucleases), samples were stored on ice and away from light prior to sample processing within 30 minutes of collection. Venous blood samples from eight healthy volunteers were used as external comparisons.
RNA isolation
One ml of blood was mixed with 9.0 ml of red cell lysis solution (144 mM NH 4 Cl, 10 mM NH 4 HCO 3 , 0.1 mM Na 2 EDTA) and gently rotated at 30 rpm for 20 minutes. Lysis of the red blood cells was monitored by visual inspection of decreasing turbidity as the red cells lysed. The cell suspension was centrifuged at 4°C at 2000G for 10 minutes. The supernatant was poured off and the red blood cell membranes carefully removed with a pipette. The packed leukocytes were resuspended in 0.1 ml of sterile 0.85% NaCl and then lysed by the addition of 1.0 ml of TRI reagent (Molecular Research Centre, Cincinnatti, Ohio, U.S.A.). Total RNA was extracted according to the manufacturers protocol with the exception that following precipitation with isopropanol the RNA pellet was further solubilized in 0.5 ml of TRI reagent and another extraction performed. On completion of precipitation with isopropanol and washing with 70% ethanol, the RNA was dissolved in 25 µl of 10 mM Tris-HCl pH 7.8, .66 mM MnCl 2 . (It was observed that this solution consistently prevented hydrolysis of the RNA following heat-inactivation of the DNase). Two µl of Promega RQ1 RNase free DNase (1 unit/µl) was added and the RNA solution incubated at 37°C for 20 minutes. Thereafter 3.75 µl of RQ1 stop solution, 20 mM EGTA, was added to terminate the reaction and the solution incubated at 65°C for 10 minutes. Three µl was then loaded onto a 1.5% TBE agarose gel for electrophoretic analysis of RNA integrity. Any sample that appeared degraded was discarded. The RNA was stored at -80°C until needed.
Real-Time PCR Conditions
Real-time quantitative PCR was carried out using a home-made SYBR Green 1 reaction mixture and fluorescence detection in a 7700 Sequence Detector (Applied Biosystems, Foster City, CA, U.S.A.) 8 . Gene-specific primers were designed from sequences that had been deposited in Genebank. The specific sequence of the primers is available from the authors. One µl of a 1000-fold dilution of SYBR Green 1 (diluted in 10 mM TE, pH 7.5) 0.5 µl of cDNA, and 2.5 µl of 10X PCR buffer (Tris-HCl, (NH 4 )2SO4, 
Quantification of Gene Expression
If an internal control is used, such as comparing the expression of the target gene versus that of a cellular housekeeping gene, then standard curves do not need to be generated. The housekeeping gene is required because the absolute amounts of total mRNA will vary between different samples. If the sample is large, there will be more housekeeping gene. We then quantify the amount of expression for each gene relative to that of the housekeeping gene.
The number of transcripts was quantified using the 2 -∆∆CT method 9 . The CT (cycle threshold) is the number of cycles of PCR amplification of the mRNA sample required to reach the inflection point of the cycle yield curve. This method produces the intuitively simple output of the relative number of transcripts compared to some reference group. The 2 -∆∆CT value is the number of transcripts of the gene of interest divided by the number of transcripts of the housekeeping gene. This corrects for the different number of white cells, and varying amounts of total mRNA produced in each sample 10 .
We used the β2 microglobulin gene as the housekeeper gene because it has been shown in a number of studies that, unlike other possible housekeeper genes, such as GAPD and β-Actin, its expression in leukocytes is relatively unaltered in a wide variety of disease states 11, 12 . The 2 -∆∆CT value is the ratio of 2 -∆CT at the time of interest, to 2 ∆CT at some reference condition. For example, if a particular gene had a 2 ∆∆CT =10, this would imply that it was expressed in ten-fold greater numbers than normal comparison subjects. A value of 0.1 indicates ten-fold underexpression.
The main assumption of this method is that the efficiency of the PCR processing is the same for both the gene of interest and the housekeeper gene. Hence it is extremely important that the housekeeping gene chosen is not influenced by the surgical trauma. Each set of gene specific primers must also be assessed for a linear response over the expected range of concentration in samples to be determined. In spite of trying two different sets of primers, it was apparent that the efficiency of the PCR for tumour necrosis factor alpha (TNFα) and inducible nitric oxide synthase (iNOS) was different from that of the housekeeping gene, and therefore TNFα and iNOS were excluded from further quantitative analysis.
Because the absolute amount of mRNA may differ slightly between different samples, and that this variance is amplified massively by the PCR procedure, it is customary to quantify the gene expression relative to a housekeeper gene. There was confirmatory evidence of the reliability of our techniques because: (i) The absolute CT values of the housekeeper gene were relatively constant for similar amounts of mRNA, (ii) There was very little variance in expression within the comparison group (SD= 1.3 PCR steps), (iii) Qualitatively similar results were obtained using standard rtPCR, (iv) Underexpression was usually gross. (i.e. nil detected after 40 cycles).
The 2 -∆∆CT method compares the relative expression to some reference condition. In this study, the PRE sample was compared relative to eight healthy comparison subjects. The 6 h BLOOD sample was compared with the PRE samples (showing early postoperative changes); the 24 h BLOOD sample was compared with the PRE (later postoperative changes); the 6h DRAIN was compared with 6 h BLOOD (early inflammatory compartmentalization); and the 24 h DRAIN compared with 24 h BLOOD samples (later inflammatory compartmentalization). If the real-time PCR product did not increase above the threshold even after 40 cycles, the CT value was taken as 40.
A problem with the standard published 2 -∆∆CT method is that, when the CT is close to 40, the value of the 2 -∆∆CT becomes independent of the actual CT of the gene of interest; and takes on a value that depends on the ratio of the relative expression of the housekeeper genes in the patient vs the comparison subject. Clearly, if the expression of the gene is so low that it has not reached the CT threshold after 40 cycles of PCR (i.e. approximately 1000 billion-fold amplification), its expression should be considered to be zero for all practical purposes. The existing 2 -∆∆CT method can result in some of these unexpressed genes taking on a falsely high 2 -∆∆CT value. We therefore modified the 2 -∆∆CT method by subtracting 2 -40 from both the numerator and the denominator. This has the effect of forcing those genes with a CT of 40 to zero, but has negligible influence if the CT is less than ~37.
Statistical Analysis
The 2 -∆∆CT values were transformed to a Gaussian distribution (by raising the values to the power of 0.2, K-S test for normality), and then a one-sample t-test used to detect if the 2 -∆∆CT was significantly different from one for each comparison. As each patient had five comparisons, we used the Bonferroni correction, with P<0.01 considered significant. We used Pearson's linear correlation coefficient (r) to quantify the strength of correlation between the expression of different genes, and with other clinical variables (e.g. the leukocyte count). We used hierarchical cluster analysis to look for common patterns of cytokine expression; estimated by multivariate distance (Mahalinobis) between the different cytokines' expression.
RESULTS
One patient was excluded because of a red cell transfusion in the early recovery period following knee joint replacement. Patient information is outlined in Table 2 . The indication for operation in all patients was joint degradation from osteoarthritis diagnosed on clinical, radiological and serological criteria (i.e. absence of elevated autoimmune markers). There were no cemented implants. The mean highest patient temperature in the first 48 h was 37.2°C (range 36.5-38°C). Patient number 5 developed deep venous thrombosis on day 3 postoperatively, which was treated medically. Patient number 7 was on a small dose of prednisone (equivalent to endogenous daily steroid production-4 mg per day), for Menière's disease. Patient number 8 developed a bladder infection on day 2 postoperatively. All patients had good joint function on routine follow-up three months postoperatively.
Cytokine expression in peripheral venous blood
(i) Preoperative vs healthy comparison subjects. There were significant differences (P<0.01) in mRNA expression between preoperative specimens and normal comparison subjects. Myloperoxidase (MPO), platelet derived growth factor (PDGF), triggering receptor expressed on myeloid cells (TREM), and Interleukin 1 receptor associated kinase (IRAKM) were higher. Mitochondrial heat shock protein (mtHSP) was lower.
(ii) Postoperative vs preoperative. (6 h BLOOD-PRE and 24 h BLOOD-PRE). There was no consistent change in observed expression in CD11b, interferon gamma (IFNγ), PDGF, IL-6, heat shock protein 70 (HSP70), mtHSP, Caspase recruitment domain containing serine threonine kinase -also known as receptor interacting protein 2 (RIP2), Tolllike receptor 2 (TLR2), Toll-like receptor 4 (TLR4), IRAKM and interleukin 12 (IL-12). There was a significant (P<0.01) increase (median(minimum to maximum)-fold) in expression of interleukin 8 (IL-8)=(433 (0 to 3260)-fold), MPO=(168 (0 to 300)-fold), interleukin 1 beta (IL-1β)=(60 (10 to 189)-fold), TREM=(55 (13 to 360)-fold), matrix metallo-proteinase 9 (MMP9)=(29 (2 to 196)-fold), and complement factor 5a receptor (C5aR)=(13 (2 to 94)-fold), at 24hours but not at six hours ( Figure  1 ). There was no significant decrease in expression of any cytokine.
Inflammatory marker expression in wound drain aspirates 6 h DRAIN-6 h BLOOD and 24 h DRAIN-24 h BLOOD.
There was no statistical difference in cytokine expression between drain specimens and venous specimens taken at the same time.
Patterns of inflammatory marker expression
The expression of many genes was strongly correlated. Data from all samples were pooled for cluster analysis. This was suggestive of two groups of cytokine mRNA expression. Those that had no TKJR=total knee joint replacement, THRJ=total hip joint replacement, Anaes=anaesthetic type; GA=general; Spinal=spinal anaesthetic. WCC=total white cells count, neutrophil count in parenthesis. Mean WCC 24 hours postoperatively (24h BLOOD WCC) was 9.4x10 9 /l (range 5.8-14.9x10 9 /l). The mean preoperative WCC (PRE WCC) was 8.6210 9 /l (range 6.0-11.5x10 9 /l). Temp=the highest temperature recorded from the nursing notes in the first 48 hours postoperatively. increase; (TLR4, IRAKM, CD11b, PDGF and IFNγ) were clustered in one group, and RIP2, Nuclear factor kappa B (NF-κB), mtHSP, C5aR, CD14, IL-1β, MPO and HSP70 in the second. In patients who were febrile (Temperature >37.5°C in the first 24 hours postoperatively), there was no difference in cytokine expression compared to those patients that were not febrile. There was a negative correlation (r=-0.62) between the postoperative white cell count and the expression of MMP9.
DISCUSSION
We found that leukocyte mRNA expression of a number of inflammatory markers (IL -1β, C5aR, MPO, IL-8, TREM, and MMP9) increased in magnitude (13 to 400-fold) in both the venous blood and the wound site 24 hours after surgery. The overall pic-ture is one of a limited, but consistent, pattern of inflammatory response after surgery. We found no significant difference in inflammatory marker transcription in leukocytes at the wound site, compared with peripheral blood samples. Also, there was no down-regulation of mRNA levels observed in venous blood. Our data do not support a model of immune "compartmentalization" in this elective surgical situation. This expression pattern is consistent with an acute anti-infective leukocyte response, as would be expected following major orthopaedic surgery. C5aR, IL-1β, and IL-8 are believed to act by amplifying the innate immune response, with IL-1β and C5aR expressed on the surface of neutrophils 13 . IL-8 is chemotactic for neutrophils. TREM and MPO are involved in defence against bacterial infection. The activation of MMP9 would be expected to increase capillary permeability, and to modulate TNFα and IL-1β inactivation. TREM has been proposed as a specific marker for sepsis, being up-regulated in bacterial infections 14 . However our results suggest that this is incorrect; TREM may be up-regulated in noninfective tissue trauma.
The preoperative specimens showed increased expression of MPO, PDGF, TREM and IRAKM, compared with healthy comparison subject; reflecting the patient's state of chronic low-grade inflammation associated with osteoarthritis.
Caution must be used in comparing our results with previous studies that have measured plasma levels of cytokine, and not cytokine mRNA. Plasma levels represent cytokine overflow into the blood and may underestimate the effective amount of mediator acting at autocrine and paracrine sites 15 . Van Deuren and colleagues 2 studied both the mRNA expression and plasma levels of TNF, IL-1β, and IL-6 in patients' venous blood after hip arthroplasty. They found no change in plasma levels of TNFα and IL-1β, or IL-6 mRNA in circulating leukocytes; but increased plasma levels of IL-6 and leukocyte IL-1β mRNA. The mRNA expression component of their results is the same as our data. They did not study cytokine changes at the wound site. Another group has shown IL-6 cytokine levels (not mRNA) to be increased in the wound region compared with venous blood following arthroplasty 16 . We were not able to demonstrate any up-regulation of IL -6 mRNA in the peripheral, or wound-derived, leukocytes. A possible explanation for this is the production of mRNA from sites other than white blood cells such as the vascular endothelium 17 . Alternatively post transcriptional regulation of inflammatory cytokine mRNA, which is known to occur 18 , may explain some apparent inconsistencies of mRNA expression with their cytokine levels. It is difficult to correlate the level of mRNA expression with the functional activity of the endprotein for a variety of reasons. For example, some mRNAs will be transcribed and translated but remain inactive because of their requirement for posttranslational modifications (e.g. they may need to be phosphorylated to become active).
Although we processed the blood samples within 90 minutes, it is possible that our very low IFNα and IL-6 mRNA expression could have been caused by extreme lability of the mRNA for each of these genes. The issue of mRNA degradation is controversial, but we could find no published evidence that the mRNA could have been degraded within 90 minutes. A study by Duvigneau and co-workers 19 found an increased expression of IFNγ mRNA with time (>4 hours). This is in contrast to Stordeur and co-workers who found that mRNA for IFNγ degrades slowly with time 18 .
Drain specimens may not accurately reflect tissue trauma. The aspirated cellular fluid may have been in contact with drain plastic, or exposed to ambient ultraviolet light for some time prior to sampling, especially if drain flow rate was low, resulting in falsely low mRNA expression in the drain specimens. No attempt was made to fractionate leukocyte populations in the blood or wound fluid. Significant differences in the production of mRNA from different white cell sub-populations may be masked by the larger amounts of mRNA produced by the neutrophils. At our institution the majority of lower limb joint replacements are performed under regional anaesthetic. This may lower the systemic stress response in the early postoperative recovery period by attenuating the neuroendocrine response to surgery 20 . We did not formally investigate the effects of type of anaesthesia because of small numbers. It has been suggested that any effect of anaesthesia on inflammatory mediator polypeptide function seems to be relatively short-lived 21 .
In summary, we observed a consistent upregulation of anti-infective innate immune response cytokine mRNA in leukocytes, at both local and systemic levels, during the first day after uncomplicated orthopaedic surgery. We observed no evidence of immune compartmentalization, and found no evidence for immune paresis within the first day after surgery. Further studies are required to determine if the development of postoperative complications are associated with deviation from our observed cytokine response pattern.
